The cyanobacterium Anabaena variabilis CCAP 1403/13a (UTEX 1444, ATCC 2941 3) was grown diazotrophically in the dark in the presence of fructose with a doubling time of 25 h at 35 "C. This was 40% of the maximum rate observed in the light. Growth rates in the dark were similar with nitrate or ammonium as nitrogen sources or under diazotrophic conditions. Darkgrown cyanobacteria reduced acetylene in the dark at 25% of the rate observed for photoautotrophic cultures in the light. Heterotrophic growth yields for dark growth with different nitrogen sources were estimated from the extent of fructose-dependent growth in batch cultures. The ratio between cell carbon and fructose carbon was 0.38 in diazotrophically grown cells, 0.38 with nitrate and 0.52 with ammonia. Thus the energy requirement for growth on molecular nitrogen is similar to the energy requirement for growth on nitrate, but greater than that for growth on ammonia. Since the diazotrophic culture always had a dissolved O2 concentration of at least 80% of air saturation, this demonstrates that there are no detectable extra energy requirements for aerobic nitrogen fixation compared to nitrate reduction, such as would result from a need for respiratory protection of nitrogenase.
) that the correct nomenclature for this strain [A-37 of.Tischer (Tischer, 1965) , UTEX 1444, ATCC 294131 is Anabaena variabilis and this name is used here.
The cyanobacteria were cultivated in the mineral medium of Allen and Arnon, as modified by Fay (1980) , supplemented where appropriate with 10 mM-fructose and buffered with 10 mM-HEPES/KOH, pH 7.6. They were grown at 35 "C under continuous illumination provided by fluorescent tubes (Osram Fluora), which gave an incident photon flux rate of 50 pE m-2 s-l between 400 nm and 700 nm, or in the dark, in 100 ml conical flasks containing 50 ml medium, on a rotary shaker (125 r.p.m.) . For growth in the dark flasks were wrapped with black plastic and aluminium foil. For acetylene reduction measurements the cyanobacteria were harvested in the exponential growth phase and resuspended in the growth medium without fructose. Unless otherwise stated this medium was used for all measurements.
Purity of the culture was confirmed by microscopic examination of stationary phase cultures and by plating on growth medium solidified with 1 % (w/v) agar and supplemented with 0.5% (w/v) glucose and 0.05% (w/v) Casamino acids.
Growth measurements. Growth was routinely measured by following apparent absorbance at 750 nm in Erlenmeyer flasks with side arms. Flasks were inoculated with cyanobacteria grown in the light plus fructose, corresponding to not more than 5 pg dry weight. Since was not linearly dependent on cell concentration, the results are expressed as arbitrary units of biomass obtained from a calibration curve, or as dry weight using a conversion factor. Total growth. 24 h after the cultures had reached stationary phase, total growth was measured as dry weight, packed-cell volume, chlorophyll u, biomass (A750) and total cell carbon.
Dry weight. Anabaena variabilis suspension (10-20 ml) was washed once with distilled water by centrifugation, filtered on a predried glass fibre filter (Whatman GF/C), dried at 110 "C for 2 h, cooled in a desiccator and weighed.
Packed-cell volume. For packed-cell volume determinations 70 p1 microhaematocrit tubes were used and readings were taken after centrifugation for 5 min at 1000 g . Chlorophyll a . Samples (1 ml) were extracted in 9ml 100% methanol for 10min. The concentration of chlorophyll a was determined from the absorbance of the centrifuged extract at 665 nm using an absorption coefficient of 74.5 1 g-I cm-I (Mackinney, 1941) .
Total cell carbon. Samples (5 ml) of cell suspension were washed three times with C0,-free water and homogenized by passing through a syringe with a 0.5 mm diameter needle. Samples (20 pl) of these suspensions were analysed for cell C using a Beckmann model 915 total organic carbon analyser linked to a Beckmann infrared analyser model 215 B. Malonic acid was used as standard.
CHN-determinations. Cells were washed three times with distilled water and dried for 2 h at 110 "C before CHN determinations, which were made using a Hewlett-Packard Model 185 B CHN analyser. Acetanilide was used as standard.
Acetylene reduction. Nitrogenase activity was assayed by the acetylene reduction method (Turner & Gibson, 1980) . Anabaena variabilis suspensions (10 ml containing 0-2-0.5 mg dry wt ml-I) were incubated under saturating illumination or in the dark at 35 "C in 130 ml bottles fitted with serum rubber stoppers. The gas phase was air with 10% (v/v) acetylene. At appropriate time intervals, 0.5 ml of the gas phase was withdrawn and ethylene concentration determined by gas chromatography using a Pye 104 gas chromatograph fitted with a flame ionization detector and a Porapak R column. The carrier gas was N,, with a flow rate of 20 ml min-I. Oven temperature was 50 "C.
Respiration rates.
Rates of respiration were measured as 0, uptake in a closed system at 35 "C using a Clark-type electrode (Hansatech Ltd, Kings Lynn, Norfolk, U.K.).
RESULTS

Dark diazotrophic growth
Typical growth curves for dark diazotrophic growth on fructose are shown in Fig. 1 , together with curves for diazotrophic growth in the light plus fructose. Growth in the presence of fructose was exponential up to a level linearly dependent on the concentration of fructose. Continued growth under air in the light was linear and probably limited by C 0 2 diffusion. Table 1 shows growth rates of A . variabilis with various energy, carbon and nitrogen sources. Dark (chemoheterotrophic) growth in the absence of combined nitrogen occurred at 40% of the maximum rate observed in the light. Growth rates were similar with nitrate and under diazotrophic conditions. Total growth in the dark under diazotrophic conditions increased linearly with the initial fructose concentration up to 40 mM (Fig. 2) , whereas attempts to grow the cyanobacteria in the contained fructose at 5 mM (0, D), 10 mM (A, A), or 20 mM (0, 0 ) . Growth was followed by measuring apparent absorbance at 750 nm in Erlenmeyer flasks with side arms and was converted to biomass using a calibration curve. Agitation was sufficient to maintain fully aerobic conditions. Other experimental details were as described in the text. Table 1 
. Growth rates of A . variabilis with various energy, carbon and nitrogen sources
The gas phase was air except in the experiment where photoautotrophic growth (light plus CO,) was measured, where it was 1 % CO, in air. Growth rate values are the means f S.D. of at least three independent experiments and are given as generation time (h).
Generation time (h) with Incident photon
Fructose nitrogen source : flux rate concn dark at initial fructose concentrations higher than 40 mM (80, 120, and 160 mM) failed. The growth rate in the dark decreased with increasing initial fructose concentration.
To ensure that the small amount of light to which the cyanobacteria were exposed during the absorbance measurements was not necessary for diazotrophic growth, an experiment was carried out in which cells were allowed to grow in Erlenmeyer flasks wrapped with black plastic and aluminium foil and then incubated in a totally dark room for 10 d without disturbance. The growth yields of these cultures were the same as those of the cyanobacteria used for growth rate measurements. Dark diazotrophic growth did not depend upon previous exposure to light, since A . variabilis could be grown in the dark for at least 30 generations.
Anabaena variabilis grown in the dark and in the light contained similar amounts of chlorophyll and phycobiliprotein on a dry weight basis. Effect of initial fructose concentration on total growth of A . vuriubilis in the dark. Cells were grown in batch culture under N,-fixing conditions on a rotary shaker at 35 "C. The initial inoculum corresponded to no more than 5 pg dry weight. Total growth was measured 24 h after the culture had reached stationary phase. Other experimental details were as described in the text. 0, Biomass; v, packed cell volume; A, dry wt; 0, chlorophyll a. Fig. 3 . Changes in nitrogenase activity (acetylene reduction) and respiration in starved A . uuriubilis. Dark-grown cells were harvested in the exponential growth phase by centrifugation, resuspended in fresh growth medium without fructose and incubated in the dark at 35°C. At appropriate time intervals, samples were taken and C, H,-reduction and 02-uptake were measured as described in Methods. 0, Ethylene production; 0, endogenous respiration; A, respiration with 2 mM-fructose.
Acetylene reduction and respiration in dark-grown A . variabilis
A capacity for dark diazotrophic growth requires the ability to fix N2 in the dark. Nitrogenase activities, measured as acetylene reduction rates, in light and darkness for cyanobacteria grown under various conditions are shown in Table 2 . The highest rates were obtained with cells grown in the light with fructose.
The rate of acetylene reduction in the dark remained constant as long as fructose was present in the growth medium (results not shown). When dark-grown cyanobacteria were transferred to fresh growth medium without fructose and incubated in the dark, the activity remained constant for at least 5 h and then declined, decreasing to zero after 13 h incubation (Fig. 3) .
The rate of endogenous 0, uptake showed an initial increase and then declined following transfer to fructose-free medium in the dark (Fig. 3) . Addition of fructose to the reaction medium caused a stimulation of O2 uptake, which reached a maximal rate within 1 min of addition. In contrast, inclusion of fructose in the incubation medium had no effect on the rate of acetylene reduction in short-term experiments (30 min). A range of sugars was tested for their capacity to stimulate respiration in cells starved for 24 h in the dark. Ribose, xylose, glucose, mannose, sucrose and maltose were ineffective or slightly inhibitory. Erythrose at a concentration of 1 mM caused a doubling of the rate of oxygen uptake. However, erythrose did not stimulate the rate of diazotrophic growth of A . uariabilis in the light under an air atmosphere.
Table 2. Rates of acetylene reduction in light and darkness by A . variabilis grown under various conditions
Cells were grown with N 2 as nitrogen source, harvested in the exponential growth phase, and resuspended in growth medium without fructose at a concentration corresponding to 0-2-0.5 mg dry wt ml-I. Saturating illumination was with yellow light (Kodak Wratten 16 filter). Ethylene production at 35 "C was measured by gas chromatography. Other experimental details were as described in the text. Table 3 
. Totalgrowth, growth yield and elemental composition of A . variabilis grown with various nitrogen sources in the dark
The values are from batch cultures grown with an initial fructose concentration of 9 mM. Total growth was measured 24 h after the culture had reached stationary phase. Growth yield was calculated from total growth and initial fructose concentration. Elemental composition was measured using cells harvested in exponential phase. Other experimental details were as described in the text. Values for total growth are mean f S.D. for at least three independent experiments. 
Dark growth yields with diferent nitrogen sources
Dark growth with N 2 as nitrogen source was compared with growth in the dark in the presence of several sources of combined nitrogen. Table 3 shows total growth and growth yields obtained with A . variabilis grown aerobically in the dark in media containing 9 mwfructose and various nitrogen sources. Growth yield was calculated from total growth and the initial fructose concentration. Growth yields were similar with nitrate, urea and N 2 as nitrogen sources, but higher with ammonia. Aerobic conditions were confirmed by measuring O2 concentration polarographically. Late-exponential phase cultures (0.4-0.5 mg dry wt ml-l) were found to have a dissolved O2 concentration corresponding to 80% of air saturation (175 p~) .
While cells grown with nitrate or ammonia did not produce heterocysts and so lost their capacity to reduce acetylene, urea-grown A . variabilis contained a few heterocysts and reduced acetylene both in light and darkness at about one third of the rate of the N2-grown cyanobacteria.
Also shown in Table 3 are the carbon, nitrogen and hydrogen contents of A . variabilis grown diazotrophically and in the presence of nitrate. The elemental compositions were very similar with about 10% N by weight and 43% C by weight. The molar C/N ratios were 5.1 for diazotrophically grown cells and 4-9 for those grown with nitrate. From the cell carbon determinations it was calculated that 52% of the added carbon was converted to cell carbon in the ammonia-grown cells while only 38 % was converted to cell carbon in the cultures grown on nitrate or molecular nitrogen.
B . B . J E N S E N
DISCUSSION
Apart from the rough estimate reported by Wolk & Shaffer (1976) for Anabaena variabilis, molar growth yields for diazotrophic cyanobacteria do not appear to have been reported. Our measurements of the growth yield of A . variabilis grown on fructose in the dark gave a value for Yfructose of 54 g dry wt (mol fructose)-l for diazotrophically grown cells. This value can be compared with those reported for Azotobacter chroococcum (Dalton & Postgate, 1969 a, b) . However, a major difference is that Azotobacter, unlike Anabaena, is apparently unable to grow diazotrophically at dissolved O2 concentrations in the medium much above 20 PM (Robson & Postgate, 1980) . The growth yield reported by Dalton & Postgate (1969a, 6 ) at low dilution rates where respiratory protection would be significant was 8 g dry wt (mol mannitol)-l ,which is much lower that that found here for A . variabilis. Under conditions close to the optimum where the need for respiratory protection is less, the growth yield reported for Azotobacter [45 g dry wt (mol mannitol)-l] approaches that observed with A . variabilis. The values for the ammoniagrown and nitrate-grown A. variabilis are similar to values reported by Bottomley & van Baalen (1978) for the cyanobacterium Nostoc Mac, which does not fix N2, and to the values reported for other aerobic bacteria grown on the same nitrogen sources (Stouthamer, 1976) .
The growth yield in terms of chlorophyll reported here [0-68 mg chlorophyll a (mol fructose)-'] is slightly lower than that reported for the same strain for growth in the dark at 30 "C [0.8 mg chlorophyll a (mol fructose)-'] by Wolk & Shaffer (1976) .
The efficiency of nitrogen fixation is often expressed as mg N fixed (g carbon source consumed)-'. Jensen (1954) estimated efficiencies of 10-15 mg N (g carbon source)-' for Azotobacter from measurements made with batch cultures. Dalton & Postgate (1 969 b) found efficiencies between 30 and 40 mg N fixed (g carbon source)-' for chemostat cultures of Azotobacter chroococcum at low oxygen concentrations. Since 10% of the dry weight of A . uariabilis was nitrogen (Table 3) , the amount of nitrogen fixed corresponds to 33 mg N (g fructose)-', which is similar to the value reported for Azo. chroococcum. Again it should be noted that the value for Azo. chroococcum was measured at a low dissolved oxygen concentration, while that for A . variabilis was measured at an O2 concentration correponding to 80% of air saturation.
From the rate of acetylene reduction, using a conversion factor for C2H4/N2 of four for these cyanobacteria (Jensen & Cox, 1983) a specific rate of 0.019 g N fixed (g cell N)-l h-l was found, which correlates very well with the value for the specific growth rate of 0.020 h-l.
Growth yields with nitrate and N2 as nitrogen sources were similar. This demonstrates that there are no detectable extra energy requirements for aerobic nitrogen fixation compared to nitrate reduction. Such requirements would result from a need for respiratory protection of nitrogenase, as found in Azotobacter (Dalton & Postgate, 1969b) . There seems to be common impression that the ATP requirement for nitrogen fixation is large compared to the ATP requirement for nitrate reduction but, as pointed out by Postgate & Cannon (198 l) , this is not the case. One can write a general equation for nitrogen fixation:
This equation follows the mechanism proposed by Chatt (1980) which involves obligatory production of H 2 by nitrogenase to yield a minimum H2/N2 ratio of 1. We have recently shown that the N2/H2 ratios observed in A . variabilis are in excellent agreement with this mechanism (Jensen & Cox, 1983) . To calculate the energy requirement in terms of ATP equivalents, to the 12 mol ATP used by the nitrogenase complex one must add the 12 mol ATP that could have been generated from the 4 mol NADPH by oxidative phosphorylation (at a P/O ratio of three). Thus, 12 mol ATP equivalents are used for the production of 1 mol NHJ.
For nitrate reduction one can write a corresponding general equation :
The energetic cost of this reaction is the 12 mol ATP that could have been generated from the 4 mol NADPH used for the production of 1 mol NH,+ ( The decrease in molar growth yield on replacing ammonia by N, as nitrogen source can be used to calculate the apparent energy requirement for nitrogen fixation in viuo. In the following calculation it is assumed that the energy requirements for metabolic processes, other than those involved in nitrogen fixation, were similar under the two types of growth conditions. The carbon conversion efficiency was found to be 0.52 g cell C (g fructose C)-* for ammonia-grown cells and 0.38 g cell C (g fructose C)-l for diazotrophically grown cells. Carbon balance studies (results not shown) suggested that the remaining fructose was oxidized to C 0 2 and water. This corresponds to 0.01 3 mol fructose oxidized (g cell C)-l for ammonia-grown cells, and 0.023 mol fructose oxidized (g cell C)-l for the diazotrophically grown cells. The extra energy requirement for diazotrophic growth is thus 0.010 mol fructose (g cell C)-l. Since the C/N ratio of the cyanobacteria was 4.3 by weight this corresponds to 0.043 mol fructose (g N fixed)-' or 1.20 mol fructose (mol N, fixed)-'.
This value can be converted to an ATP/N2 ratio if the P/O ratio is known. The oxidative pentose phosphate cycle is the major and possibly only route for carbohydrate metabolism in cyanobacteria (Doolittle, 1979) . Taking a value of three, the oxidation of 1 rnol of fructose by the pentose phosphate pathway corresponds to the formation of 35 mol ATP. This gives an ATP/N, molar ratio of 42. This value is higher than the theoretical value of 24. An explanation for this could be that the amount of ATP generated from fructose oxidation is overestimated as the result of the choice of a P/O ratio of three. P/O ratios in intact cyanobacteria vary between 0.6 and 2.9 depending on the growth medium and the assay conditions (Nitschmann & Peschek, 1982) . Similar variations were observed for heterotrophic bacteria (Stouthamer & Bettenhaussen, 1973) . Assuming that the P/O ratio is two as found by Nitschmann & Peschek (1982) for Anacystis nidulans grown in normal medium, then the theoretical and measured ATP/N2 ratios of 20 and 26 rnol ATP/N2, respectively, are in reasonable agreement with each other.
In conclusion, the results presented here suggest that heterocystous cyanobacteria have the potential capacity for diazotrophic growth in the dark in the presence of higher dissolved oxygen concentrations than other heterotrophic bacteria without intracellular differentiation, such as azotobacters. The protection provided by heterocysts against inactivation of nitrogenase by oxygen (Gallon, 1981) may also remove the need for respiratory protection at intermediate dissolved 0, concentrations with a resulting low efficiency of conversion of substrate into cell carbon.
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